Background: GABAergic synaptic transmission is known to play a critical role in the assembly of neuronal circuits during development and is responsible for maintaining the balance between excitatory and inhibitory signaling in the brain during maturation into adulthood. Importantly, defects in GABAergic neuronal function and signaling have been linked to a number of neurological diseases, including autism spectrum disorders, schizophrenia, and epilepsy. With patient-specific induced pluripotent stem cell (iPSC)-based models of neurological disease, it is now possible to investigate the disease mechanisms that underlie deficits in GABAergic function in affected human neurons. To that end, tools that enable the labeling and purification of viable GABAergic neurons from human pluripotent stem cells would be of great value. Results: To address the need for tools that facilitate the identification and isolation of viable GABAergic neurons from the in vitro differentiation of iPSC lines, a cell type-specific promoter-driven fluorescent reporter construct was developed that utilizes the human vesicular GABA transporter (hVGAT) promoter to drive the expression of mCherry specifically in VGAT-expressing neurons. The transduction of iPSC-derived forebrain neuronal cultures with the hVGAT promoter-mCherry lentiviral reporter construct specifically labeled GABAergic neurons. Immunocytochemical analysis of hVGAT-mCherry expression cells showed significant co-labeling with the GABAergic neuronal markers for endogenous VGAT, GABA, and GAD67. Expression of mCherry from the VGAT promoter showed expression in several cortical interneuron subtypes to similar levels. In addition, an effective and reproducible protocol was developed to facilitate the fluorescent activated cell sorting (FACS)-mediated purification of high yields of viable VGAT-positive cells.
Introduction
The use of human pluripotent stem cells (hPSCs) has proven to be a powerful approach for studying human development and disease. The impact of hPSC-based differentiation strategies has been of particular importance in modeling diseases of the central nervous system (CNS), including many neurodevelopmental, neuropsychiatric and neurodegenerative disorders, due to the lack of readily available primary tissues from affected individuals. Where available, this tissue is restricted to post-mortem samples. A great deal of progress has been made in the development of methods for the differentiation of hPSCs into specific neuronal cell types (Chambers et al., 2009 ). Although effective at enriching for the specific neuronal type, these protocols result in the production of heterogeneous cultures containing multiple neuronal cell types, as well as, underlying supporting cells such as astrocytes and glial cells (Bilic and Izpisua Belmonte, 2012; Maherali and Hochedlinger, 2008; Narsinh et al., 2011) . As a result, approaches are needed for the identification and isolation of specific cell types of interest from the complex mixture of cells.population has been linked to neuropsychiatric disorders such as autism and schizophrenia (Acosta and Pearl, 2003; Lewis and Levitt, 2002; Rubenstein and Merzenich, 2003; Spencer et al., 2004) . Although GABAergic interneurons make up a relatively small fraction of the total number of cells in the neocortex, even small changes in the balance of excitation and inhibition could have profound effects on key neurological functions, including cognition, sensory perception, language and spatial reasoning (Lui et al., 2011) . This suggests that GABAergic interneurons play an important role in not only regulating the degree of excitation of the neocortex but also in the fine-tuning of neural networks and the quality of information processing across the different regions of the cortex.
The vesicular γ-aminobutyric acid (GABA) transporter (VGAT; also called SLC32A1) is a well-known marker for GABAergic neurons and is specifically expressed in inhibitory neurons (Gasnier, 2000; Sagne et al., 1997) . GABA is the principal inhibitory neurotransmitter in the mammalian CNS and functions by binding to specific transmembrane receptors on both pre-and post-synaptic neuronal processes (Watanabe et al., 2002) . It is synthesized from glutamate through the actions of two glutamate decarboxylases (GAD65 and GAD67) and loaded into synaptic vesicles by the vesicular GABA transporter (VGAT or SLC32A1) (Jin et al., 2003) . In transgenic mouse and rat lines, the selective fluorescent labeling of nearly the entire GABAergic neuron population in the neocortex (N 95%) has been accomplished using bacterial artificial chromosome (BAC) constructs that allow the expression of the fluorescent marker Venus, to be driven from the VGAT gene promoter (Uematsu et al., 2008; Wang et al., 2009) . Given the results of these studies, we reasoned that a human VGAT promoter-driven fluorescent reporter construct might serve as a useful tool in the identification and isolation of the population of GABAergic cortical neurons generated in vitro through the differentiation of hiPSCs.
To begin to identify inhibitory GABAergic interneurons from complex hPSC-derived neuronal cultures, an~1800 base pair region of the VGAT promoter was cloned upstream of the fluorescent marker mCherry. Lentiviral-mediated delivery of the VGAT promoter driven fluorescent construct (pLV-hVGAT-mCherry) resulted in sustained expression of mCherry in GABAergic interneurons that co-localized with endogenous VGAT expressing cells. Although variable levels of expression were observed, the majority of hVGAT promoter-mCherry positive cells stained positively for GAD67 and GABA. In addition, these VGAT promoter mCherry positive cells could be purified by fluorescent activated cell sorting (FACS) using a novel protocol resulting in a highly pure and viable population of mCherry-expressing cells. These hVGAT-mCherry expressing cells stained positively for GABA and survived for over 3 weeks post-FACS purification. This population of hVGAT positive cells included a variety of GABAergic interneuron subtypes with unique developmental origins.
Methods

Development of the human inhibitory neuron-specific hVGAT-mCherry fluorescent reporter construct
To target human stem cell-derived GABAergic neurons in heterogeneous populations of differentiated cells, a lentiviral-based fluorescent reporter system was developed that uses the human VGAT (solute carrier family 32 (GABA vesicular transporter), member 1, SLC32A1) gene promoter to drive the expression of the fluorescent protein mCherry (Fig. 1) . A 1865 bp region of the VGAT gene including 262 bp downstream of the transcription start site (TSS) and 1603 bp upstream of the TSS was PCR amplified from genomic DNA purified from foreskin fibroblast cells. This region overlaps with peaks for several markers of promoter activation, histone H3K4 monomethylation (H3K4me1), histone H3K4 trimethylation H3K4me3, and RNA polymerase II (Pol2) binding (Fig. 1A) . The purified PCR product was digested with BamHI and EcoRI and ligated into the corresponding sites in the pENTR4 no ccdB vector (Addgene plasmid 17424) into which the mCherry gene had been previously cloned (Campeau et al., 2009) . The inserted region of the VGAT promoter was confirmed by Sanger sequencing and the VGAT promoter mCherry cassette was transferred to the lentiviral vector pLentiX1 puro DEST (Addgene plasmid 17297) using the LR Clonase II enzyme mix (Invitrogen) to produce the pLV-hVGATmCherry vector. The pLV-hSYN-RFP vector was obtained from Addgene (Addgene plasmid 22909) (Nathanson et al., 2009 ).
Production of lentiviral expression particles
The pLV-hVGAT-mCherry was packaged by cotransfection with the psPAX2 lentiviral packaging plasmid (Addgene plasmid 12260) and the Vesicular stomatitis virus envelope glycoprotein expressing pCMV-VSV-G plasmid (Addgene plasmid 8454) in Lenti-X 293T cells (Clontech) using jetPRIME® (Polyplus-transfection™). The culture supernatant was harvested after 48 h and the viral particles concentrated using the Lenti-X™ concentrator (Clontech) according to the manufacturer's protocol. The concentrated virus was resuspended in DMEM:F12 media, aliquoted, and stored at -80°C. The well characterized reporter construct expressing red fluorescent protein (RFP) from the neuron-specific synapsin I gene promoter (pLV-hSynapsin-RFP, hSYN-RFP) lentiviral construct has been used throughout as a positive control for neurons. Lentiviral transduction of the reporter constructs was carried in culture medium supplemented with 4 μg/mL polybrene using a multiplicity of infection (MOI) of 5.
Culture of hiPSCs and in vitro differentiation of ventral forebrain-like neurons
Human iPSCs (System Biosciences) were maintained on mitomycin c treated mouse embryo fibroblasts (MEFs) (EmbryoMax® Primary Mouse Embryo Fibroblasts, Strain CF1; Millipore) in mTESR1 culture medium (STEMCELLTechnologies) supplemented with 10 μM CHIR99021 (STEMGENT®), 1 μM PD325901 (STEMGENT®), 1 μM thiazovivin (STEMGENT®), and 10 μM Y27632 (STEMGENT®). The culture medium was changed daily and hiPSC colonies were enzymatically passaged with StemPro® Accutase® Cell Dissociation Reagent (Thermo Fisher Scientific) at a 1:4-1:6 split ratio every 4 to 7 days. If identified, spontaneously differentiated cells were mechanically removed prior to passaging. All cultures described here were kept in a 37°C incubator with 5% CO 2 .
Prior to inducing neural differentiation, hiPSCs were isolated from MEF feeder layer cells through magnetic column separation using MEF-specific antibodies (anti-mEF-SK4) coupled to paramagnetic beads (Miltenyi Biotec). Magnetic separation of the cells was carried out according to the manufacturer's instructions with few exceptions. Briefly, hiPSC colonies were dissociated into a single cell suspension through a 10-min treatment with the StemPro® Accutase® Cell Dissociation Reagent. In lieu of MACS buffer, mTESR1 containing 2 μM thiazovivin and 20 μM Y27632 was used for both incubation of the cells in MEF-specific antibodies and for column washes during magnetic separation.
Cortical inhibitory neuron differentiation of hiPSCs was carried out using a chemically defined system similar to the previously described B27+5F method (Nicholas et al., 2013) . The concentration of recombinant growth factors and small molecule compounds used in our differentiation scheme, in addition to the days that they were added to the differentiation medium are listed in Table S1 . The diagram shown in Fig. 2A outlines the methods used for cortical inhibitory neuron differentiation. Neural induction was initiated through the formation of neural aggregates using AggreWell™800 plates (STEMCELLTechnologies) according to the manufacturer's protocol. Briefly, 3-4.5 × 10 6 cells (10,000 to 15,000 cells per neural aggregate) were added to each well of the AggreWell™800 plate in neural induction media (NIM; STEMCELLTechnologies) supplemented with 10 μM Y27632, 10 μM SB431542 (STEMGENT®), 1 μM dorsomorphin (STEMGENT®), and 1 μM thiazovivin. After 5 days, neural aggregates were collected from the AggreWell™800 plate and transferred to 6-well plates coated with Poly-L-Ornithine (15 μg/mL; Sigma) and laminin (10 μg/mL) (Trevigen) and cultured for another 5 days in NIM. On day 12, the differentiation medium was transitioned from NIM to a modified Enriched Neurobasal (ENB) medium consisting of Neurobasal™ medium (minus phenol red) (Life Technologies), 2% B-27® Supplement (Life Technologies), 1% GlutaMAX (Life Technologies), 1% Insulin-Transferrin-Selenium-A (Life Technologies), 1% Penicillin-Streptomycin (Life Technologies), 30 ng/mL tri-iodothyronine, 40 ng/mL thyroxine, 100 μg/mL bovineserum albumin (BSA), 60 ng/mL progesterone, 16 μg/mL putrescine, 5 μg/mL N-acetyl-L-cysteine (NAC), and 5 μM forskolin (all Sigma). Between days 12-35, neural progenitor cells (NPCs) were expanded by enzymatically passaging the cells with the StemPro® Accutase® Cell Dissociation Reagent every 4-7 days and replated at a density of 4-8 × 10 4 cells/cm 2 . On day 35, the cells were plated for terminal differentiation on culture plates coated with Poly-D-Lysine (100 μg/mL; Sigma), laminin (20 μg/mL), and fibronectin (10 μg/mL; Sigma) (PDL/ L/F) at a density of 1-2 × 10 4 cells/cm 2 .
Immunocytochemistry and fluorescence imaging
For immunocytochemistry (ICC) and imaging, cells plated for terminal differentiation or after FACS were grown in either 4-well or 8-well Millicell EZ SLIDES (Millipore) coated with PDL/L/F. Cultures were fixed with 4% formaldehyde (Thermo Scientific) for 15 min at room temperature and washed with PBS. The slides were simultaneously blocked and permeabilized for 45 min at room temperature in 20% normal donkey serum (NDS) or Normal Goat Serum (NGS; both from Jackson ImmunoResearch) and 0.2% Triton X-100 (Sigma) in antibody buffer (150 mM NaCl, 50 mM Trizma base, 1% BSA, 100 mM L-Lysine, 0.04% sodium azide, pH 7.4, 0.3 M glycine; Sigma) (Blackmore et al., 2012) . Table S2 lists the primary antibodies used in this study. Cultures were incubated in primary antibody solutions overnight at 4°C then washed extensively in ICC wash buffer (PBS/1% BSA) and incubated with the appropriate Alexa-fluor conjugated secondary antibody (Life Technologies) for 1 h at RT. After the incubation in the secondary antibody, the cells were washed extensively in ICC wash buffer and incubated with DAPI (NucBlue Fixed Cell Stain; Life Technologies) and mounted with glass coverslips using DAKO Fluorescence Mounting Medium (DAKO). Images shown in Figs. 3, 5, and 7D were acquired using a Zeiss LSM 710 microscope (Carl Zeiss Microscopy). Live cell images shown in Figs. 2B and 7C were acquired using an Eclipse TE2000U fluorescence inverted microscope (Nikon).
Quantitative image analysis
To quantify hVGAT-mCherry and GABAergic neuron marker antibody-labeled cells, fluorophores were imaged independently using a 10× or 20× objective to acquire images from a minimum of 3 separate wells per marker-specific antibody staining. Quantification of mCherry and GABAergic neuron marker positive cells was performed using Fiji (Schindelin et al., 2012 ) (Cell Counter plugin; Kurt De Vos, University of Sheffield). Fiji was also used to determine the total number of cells in each image field using the using DAPI to identify nuclei (ITCN plugin; Thomas Kuo and Jiyun Byun, University of California Santa Barbara). The percentages shown in Fig. 5D indicate the percent total number of cells stained positive for the GABAergic subtype marker that were co-labeled with mCherry. Percentages for the total number of mCherry-positive and mCherry-negative cells stained positive for each GABAergic subtype marker are described in Supplemental Table S3 . Analysis of variance (ANOVA) was used to identify significant differences among subtype cell populations in the percentage of cells expressing the reporter (Fig. 5) . The analysis of fluorescence intensity of VGAT antibody staining in pLV-hVGAT-mCherry treated cells was performed in Fiji. Briefly, a small circular region (50 pixels) was placed randomly over either a region (n = 50) of the image staining positive for DAPI but no perceptible VGAT expression to establish the background fluorescence or cells that expressed mCherry from the pLV-hVGAT-mCherry vector but lacked apparent VGAT staining (n = 25) (as above). The mean fluorescence intensity of each region was analyzed for the red and green channels. The average fluorescence intensity and standard deviation were calculated for each condition. Student's t-test was used to examine the statistical significance of the difference in mean green fluorescence between the two groups. Pearson's correlation was used to examine the relationship between red fluorescence intensity (mCherry) and green fluorescence intensity (VGAT) in the pLV-hVGAT-mCherry positive cells (Supplemental Fig. 2 ).
Purification of fluorescent reporter-expressing hiPSC-derived neurons by FACS
All solutions and media used during single cell dissociation of aggregated neurons and cell sorting were supplemented with 0.132 M D-(+)-Trehalose dihydrate (Trehalose; Sigma) (Saxena et al., 2012) . The hiPSC-derived neurons stably expressing hVGAT-mCherry were dissociated into a single cell suspension by incubating cultures in Accumax supplemented with Trehalose (5% w/v). The disaggregated cells were further triturated by gently pipetting with a 10 mL borosilicate glass serological pipet. An equal volume of an optimized ENB-Sorting (ENB-S) medium for sorting neurons comprised of ENB medium supplemented with 5% w/v Trehalose, 20 ng/mL BDNF, 20 ng/mL NT-3, 20 ng/mL β-NGF, 20 ng/mL GDNF, and 0.2% Anti-clumping Agent (Life Technologies) was added to the cell. The cells were strained through a 70 μm nylon mesh cell strainer (BD Falcon) into a new 50 mL tube then centrifuged at 1500 rpm for 10 min at 4°C. After centrifugation, cells were resuspended in pre-chilled ENB-S medium at a concentration of 2-10 × 10 6 cells/mL in 5 mL round bottom tubes with caps (BD Falcon) and kept on ice, in the dark, until sorted. A control well that was not subjected to flow cytometry was processed in the same manner and left on ice throughout the sorting procedure (unsorted cells). The cells were sorted at the University of Miami Miller School of Medicine Flow Cytometry Core Facility under sterile conditions on a FACS ARIA IIu using FACSDiva software (BD Biosciences). FlowJo software (Tree Star) was used to analyze and present the flow cytometry data shown in the Results section (Fig. 6 ). Viable cell populations were selected by forward (FSC) and side (SSC) scatter. RFP or mCherrypositive cells were isolated using 4-way purity precision gating. Optimized FACS conditions (Pruszak et al., 2007) were applied to sorting hiPSC-derived neurons using a 100-μm ceramic nozzle (BD Biosciences), sheath pressure of 20-25 lb per square inch (PSI), and an acquisition rate of 1000-3000 events per second. Sorted cells were collected in 5 mL round bottom tubes containing 1 mL of ENB-S medium. The purity of cell populations isolated by FACS was examined by performing post-sort FACS analysis using FACSDiva software. The purity of extracted cell populations was assessed by the percentage of resorted cells having the same fluorescence intensity characteristic of cells selected for using the 4-way purity precision gate.
Post-sort assessment of cell viability and cell culture conditions
After FACS, the viability percentages of sorted and unsorted cells was determined by staining cells with Trypan Blue (Life Technologies) and counting the number of unstained (live) and Trypan Blue-stained (dead) cells using a Countess Cell Counter (Life Technologies). The cell viability data collected on sorted and unsorted cells immediately following FACS (Fig. 7B ) was analyzed and presented using the open-source application BoxPlotR (Spitzer et al., 2014) (http://boxplot.tyerslab. com/).
To evaluate the effect of GDNF and β-NGF treatment on sorted neuron viability, Sorted and unsorted neurons were plated immediately after FACS at a cell density of 2 × 10 4 cells/cm 2 and cultured in the presence or absence of 10 ng/mL GDNF and 20 ng/mL β-NGF in ENB medium supplemented with 5 μM Caspase-3/7 reagent (Essen Bioscience) to label nuclei of cells undergoing apoptosis. An IncuCyte ZOOM (Essen Bioscience) was used to automatically acquire kinetic data every 4 h on the number of caspase-3/7 fluorescent objects for 60 h post sorting.
In addition, neuron cell-body area (mm 2 )/total surface area (mm 2 )
was calculated every 4 h for 200 h. At the end of the experiment, the total number of cells was quantified following nuclei staining with Hoechst. The apoptotic index of the treated and untreated cells ( Fig. 8A ) was calculated by dividing the number of caspase-3/7 fluorescent objects (multiplied by 100) by the total number of nuclei. SPSS statistical software was used to conduct a mixed-group ANOVA to compare the level of apoptosis of sorted neurons cultured in the presence or absence of GDNF and β-NGF and unsorted neurons (treatment; between-groups factor) at 0 h and 60 h post-plating (time; withingroups factor) using the apoptotic index as the dependent measure. Post-hoc analysis using Tukey's HSD (alpha = 0.05) was used to identify differences in the apoptotic index of unsorted neurons and sorted neurons treated with or without GDNF and β-NGF (Table S4) .
Results
Design of the human VGAT-mCherry reporter construct
To target human stem cell-derived inhibitory neurons in heterogeneous populations of differentiated cells, a lentiviral-based fluorescent reporter system was developed that uses the human VGAT (solute carrier family 32 (GABA vesicular transporter), member 1, aka: SLC32A1) gene promoter to drive the expression of the fluorescent protein mCherry (Fig. 1) . The region directly upstream of the VGAT transcription start site (TSS) is enriched for markers of active genes. Specifically, peaks of monomethylated (H3K4me1) and trimethylated (H3K4me3) histone occur directly upstream of the TSS (Barski et al., 2007; Heintzman et al., 2007) (Fig. 1A) . In addition, this region contains binding sites for RNA polymerase II indicating active recruitment of the transcriptional machinery to the VGAT TSS (Hager et al., 2009 ). The promoter region was cloned into the pENTR4 no ccdB vector (Campeau et al., 2009 ) (Addgene plasmid 17424) upstream of the mCherry gene and transferred to the lentiviral construct pLentiX1 puro DEST (Addgene plasmid 17297) to produce the pLV-hVGATmCherry vector (which will be abbreviated as hVGAT-mCherry in the remainder of the text; Fig. 1B ). The organization of the hVGAT promoter and mCherry gene in the integrated proviral DNA is shown in Fig. 1C .
Characterization of hVGAT-mCherry expression in hiPSC-derived ventral forebrain neurons
To characterize the expression of hVGAT-mCherry in human GABAergic cortical-like neurons, human induced pluripotent stem cells (hiPSCs) were differentiated using a protocol that drives the development of ventral forebrain neurons according to the schematic in Fig. 2A . The differentiating GABAergic neurons were transduced with lentiviral expression particles carrying either hVGAT-mCherry or hSYN-RFP vectors between days 55 and 97 of the neuronal differentiation scheme. Expression of mCherry from the VGAT promoter or RFP from the Synapsin I promoter was monitored by fluorescent microscopy beginning at 48 h post-lentiviral transduction. As expected, the Synapsin I promoter drove strong expression of RFP which was visible by 48 h post treatment. In contrast, there was only a weak signal from the mCherry at 48 h post transduction which gradually increased over the next several days.
Next, we examined the stability of reporter expression by determining if labeled cells retained hVGAT-mCherry expression upon further in vitro differentiation. After the transductions, in vitro differentiation was continued under the same conditions for up to 75 days post-transduction. We found that both hVGAT-mCherry and hSYN-RFP maintained robust expression of their reporters and that, within individual cells, there was little to no variability in expression level of the reporters over the time frame measured (Fig. 2B ). From this, we conclude that mCherry is stably expressed from the hVGAT promoter reporter construct at consistent levels for at least 75 days post-transduction.
To establish the specificity of the hVGAT-mCherry fluorescent reporter construct, the virally transduced cultures of differentiated neurons were stained with antibodies that recognize endogenous VGAT (Fig. 3A) , the GABAergic neuron-specific marker GAD67 (Fig. 3B) , the neurotransmitter GABA (Fig. 3C) , the neuron-specific marker β-Tubulin III (Supplemental Fig. 1 ), or the glial cell marker GFAP (Fig. 3D) . The cells that were expressing mCherry from the VGAT promoter was colocalized with those that stained positive for the endogenous VGAT protein (Fig. 3A) . Quantitative image analysis was used to assess the degree of overlap between the hVGAT-mCherry + cells and the endogenous VGAT stained cells. Based on the automated cell counter plug in on the Fiji imaging software, 72% of the cells expressing hVGAT-mCherry stained positively for the VGAT protein (Fig. 4A) . Further analysis was performed on the hVGAT-mCherry positive cells in which endogenous VGAT expression was not detected by the automated cell counter. Using a 50-pixel window, the fluorescence intensity in both the green and red channels was assessed on multiple regions that stained positive for DAPI but which lacked VGAT expression. This criterion was used since it is possible that there would be cells which stained positive for VGAT expression but were not transduced by the fluorescent reporter construct. This same window was then applied to analyze the level of fluorescence in hVGAT-mCherry positive cells in which endogenous VGAT appeared not to be expressed. This analysis showed that there was low but statistically significant level of endogenous VGAT expression in these cells (Fig. 4B and C) . There was a positive correlation (Pearson's correlation = 0.53, p-value = 0.007) between mCherry expression from the hVGAT-mCherry vector and the endogenous VGAT levels even in these low VGAT expressing cells (Supplemental Fig. 2) . Therefore, these results show a strong co-relation between mCherry expression from the hVGAT-mCherry vector and endogenous VGAT expression. There were cells in the culture that stained positively for VGAT but which lacked mCherry expression. Although high levels of lentiviral transduction can be achieved (N85% transduced using a CMV-driven reporter construct) (data not shown), there are cells within the culture that have failed to be transduced by the hVGAT-mCherry vector and, as a result, lack mCherry expression.
In addition to VGAT expression, the percentage of hVGAT-mCherry positive cells that stained positively for GAD67 and GABA was analyzed.
Over 80% of the hVGAT-mCherry positive cells stained positively for GAD67 expression, while 66% of the cells stained positively for GABA (Figs. 3B and C and 4A) . This lower level of GABA expression in hVGAT-mCherry transduced cells could be a result of several factors, including the developmental heterogeneity of in vitro differentiated neuronal cultures and the high level of background in GABA staining in these heterogeneous cultures. Of note, unlike the heterogeneous cultures, significant GABA staining was seen in the FACS purified hVGAT-mCherry positive cells (Fig. 7) . We observed that nearly all of the mCherry-labeled cells showed positive staining of β-Tubulin III, signifying that hVGAT reporter expressing cells are neuronal (Fig. 3A, C) . Furthermore, the mCherry-positive β-Tubulin III-expressing cell population displayed a wide range of neuronal morphologies. These results show that GABAergic and hVGAT-mCherry cells consist predominantly of overlapping populations of neurons in vitro, suggesting that the cells expressing the hVGAT-mCherry reporter are indeed GABAergic. Consistent with these results, no overlap in signal was seen between hVGATmCherry expressing cells that were stained with the glial marker GFAP (Fig. 3D) .
To further confirm the specificity of the hVGAT-mCherry reporter construct, the viral particles were used to transduce non-neuronal human embryonic kidney (HEK) 293T cells. HEK293T cells were treated with lentiviral particles expressing mCherry from the ubiquitously expressed Cytomegalovirus (CMV) promoter, hVGAT-mCherry, or hSYN-RFP. Over 97% of the cells treated with the CMV-mCherry expression construct were positive for mCherry expression as measured by flow cytometry compared to untreated cells (Supplemental Fig. 3 ). On the other hand, there were only a very small number (0.2%) of cells showing mCherry expression in the hVGAT-mCherry transduced or RFP in the hSYN-RFP transduced cells. In addition, the analysis of the mean fluorescence intensity (MFI) of the CMV-mCherry treated cells was significantly increased from a background fluorescence (1185 ± 27 fluorescence units (fu)) to over 190,000 fu. On the other hand, the hVGAT-mCherry and hSYN-RFP treated cells showed only a modest increase in the MFI (1661 ± 4 f. and 1401 ± 21 fu, respectively).
hVGAT-mCherry expression in cortical inhibitory neuron subtypes
Next, we characterized the distribution of hVGAT-mCherry+ cells from several different subtypes of cortical inhibitory neurons in the differentiation cultures. This was accomplished by quantitatively examining the colocalization of mCherry with antibody-specific staining of the cortical interneuron subtype markers: Calretinin (CR), Parvalbumin (PV), or Somatostatin (SST) (Fig. 5A-C) . The expression of hVGATmCherry in cortical inhibitory neuron subtypes was quantified in day 130 neurons by identifying cells exhibiting co-localization of mCherry and cortical inhibitory neuron subtype-specific markers. Immunocytochemical (ICC) staining of each marker (i.e. CR, PV, and SST) was carried out independent of one another. hVGAT-mCherry was expressed in the majority of CR, PV, and SST antibody-labeled cells. On average the pLV-hVGAT promoter drove expression of mCherry in 90.2% ± 1.7%, 80.5% ± 3.7%, and 75.7% ± 15.9% (mean ± standard deviation) of CR, PV, and SST inhibitory neuron subtypes, respectively (Fig. 4D) . A oneway ANOVA was used to test for the significance of the differential expression of mCherry among CR, PV, and SST cell populations. The percentage of cells expressing mCherry was not significantly different across these three GABAergic cortical neuron subtypes (F = 1.8, p-value =0.24). These results are consistent with reports of the overlap of CR, PV, and SST antibody-immunoreactivity with Venus expression in cortical slices of VGAT-Venus transgenic rat lines (Uematsu et al., 2008) . In addition, the proportion of GABAergic subtypes from the total population of mCherry positive and mCherry negative population was calculated (Supplemental Table S3 ).
Optimized methods for cell sorting of viable, hiPSC-derived neuronal subtypes from heterogeneous cell populations
The hVGAT-mCherry reporter construct allows for VGAT+ cells to be identified in heterogeneous neuronal differentiation cultures derived from hiPSCs. These cells are viable and can be monitored for extended periods of time (over 7 weeks) in culture following transduction with the viral constructs. In addition to facilitating the identification of live VGAT + cells in culture, the hVGAT-mCherry reporter construct can also be used to isolate enriched populations of VGAT + cells using FACS. Previously, the sorting of neuronal cells by FACS has been hindered by technical challenges, including significant cell loss resulting from the treatment. Purification of specific neuronal populations with FACS is known to result in poor isolation rates of viable cells. Compared to other cell-types, neurons are particularly vulnerable to the physical stress inflicted by enzymatic and manual dissociation of cells and high pressure sorting. Although a number of variables factor into this loss of viability of sorted neurons, it is largely related to the high level of cellular stress experienced by neurons when dense networks of interconnected neuronal processes are damaged (Pruszak et al., 2007) . Therefore, we sought to develop a method that would allow for highly purified population of intact and viable GABAergic neurons expressing mCherry from the hVGAT promoter to be isolated by FACS. Saxena et al. described the use of trehalose supplementation to increase viability in sorted eGFP-positive neurons obtained from whole cortices of transgenic PVALB-eGFP reporter mice (Saxena et al., 2012) . Trehalose is a disaccharide that is well documented for its role in maintaining viability of cells exposed to environmental stress, including cryopreservation (Buchanan et al., 2004) and heat stress (Carninci et al., 1998) . Pruszak et al. reported methods that included gentle FACS conditions that enabled them to increase cell survival rates in Synapsin-GFP+ sorted hESC-derived neurons (Pruszak et al., 2007) . To demonstrate the utility of the hVGAT-mCherry construct in isolating hiPSC-derived GABAergic neurons via FACS, we developed an approach that incorporates both the treatment with trehalose with the "gentle FACS" settings to maximize the viability of the purified VGAT+ neurons (Pruszak et al., 2007; Saxena et al., 2012) .
Day 55 differentiating neurons were transduced with either the hSYN-RFP or hVGAT-mCherry lentiviral vectors. The hSYN-RFP + or (D) Percentage of the total number of cells stained positive for the cortical inhibitory neuron subtype marker (CR, PV, or SST) co-labeled with hVGAT-mCherry. Percentages were calculated by dividing the number of cells exhibiting colocalization of mCherry and CR, PV, or SST antibody-specific staining by the total number of cells stained positive for each individual subtype marker. The percentages reflect the combined count of 3 wells for each chemical marker and the standard error reflects the mCherry labeling distribution treating each well as an independent observation. For each subtype marker, over 1000 cells were counted among individual wells independently labeled with CR, PV, and SST specific antibodies. A one-way ANOVA was used to test for differences in mCherry expression among CR, PV, and SST cell populations. The percentage of cells expressing mCherry was not significantly different across the three GABAergic cortical neuron subtypes, F (df: 2, 6) = 1.8, p = 0.24. Abbreviations: calretinin (CR), parvalbumin (PV), and somatostatin (SST). Scale bar: 100 μm.
hVGAT-mCherry + cells were purified from their respective cultures 7 days post-transduction by FACS on a FACS Aria IIu (BD Biosciences, Fig. 6A ). The purity of isolated RFP+ and mCherry+ cells populations was determined by post-sort FACS reanalysis. Using this method, we were able to obtain highly purified (N90% purity) samples of reporterexpressing cells (Fig. 6B) . As expected, reanalysis of the mCherrynegative cell population show a depletion of mCherry expressing cells in this cell fraction (Fig. 6C) .
Viability of sorted mCherry-positive cells
To evaluate viability, sorted cells and unsorted cells (which were kept on ice but not sorted) were simultaneously stained with Trypan Blue and the number of viable (unstained) and dead (stained blue) cells was counted using a Countess Cell Counter (Life Technologies) ( Fig. 7A and B) . We did not observe a significant difference between the percentages of Trypan Blue-stained dead cells in sorted samples compared to the unsorted samples. Fig. 7A shows a representative image of sorted mCherry positive cell or unsorted cells stained with Trypan Blue. The counts from three samples per condition were averaged and the interquartile range of the percentage of viable cells present in each sample was calculated. The first to third quartiles ranged from 76.5% to 87.5% cell viability in samples collected just prior to FACS and kept on ice during the sort procedure (unsorted) and 76.5% to 91.5% cell viability in samples obtained through FACS (sorted) (Fig. 7B) Previous studies have shown the utility of sorting neurons expressing cell-type specific fluorescent reporters as a means to obtaining specific neuronal cell populations for gene expression studies (Lobo et al., 2006; Nelson et al., 2006) . This strategy could also prove useful in obtaining large quantities of viable human neurons with distinct cellular phenotypes for functional and pharmacological studies. We propose that our methods could be used as a means of providing sufficient quantities of viable, highly purified neuronal cells for functional studies aimed at exploring the role of inhibitory neurons in human development and disease (Xu et al., 2014) . We tested the hypothesis that the plating of sorted mCherry-positive cells would remain viable for extended periods of time in vitro and continue to express GABAergic neuron-related markers ( Fig. 7C and D) . In preliminary experiments, we observed that mCherry-positive sorted cells remained viable for~2 weeks, after which the viability of the cells began to decline. One possible explanation for this decrease in viability is the absence of supportive or neurotrophin-secreting cell-types from these highly purified GABAergic cell cultures. Therefore, we tested whether supplementing the culture media of the isolated cells would help to maintain their health and viability. A mixed-groups ANOVA was performed to compare the apoptotic index of FACS-isolated neurons cultured in the presence or absence of GDNF and β-NGF to unsorted neurons (no GDNF/β-NGF treatment) at 0 h and 60 h post-plating after FACS. Our results show there was a main effect for treatment group with the apoptotic index of neurons at the examined time points (F(2,3) = 73.667, p-value = 0.003, ηp2 = 0.98). Moreover, post-hoc analysis using Tukey's HSD indicated that FACS-isolated cells grown in media supplemented with GDNF and β-NGF do not significantly differ in levels of apoptosis compared to unsorted neurons (p = 0.77), (Fig. 8A) . On the other hand, isolated hVGAT-mCherry expressing neurons grown in the absence of GDNF and β-NGF showed a significant increase in the apoptotic index during the first 60 h post plating compared to unsorted neurons (p = 0.003) and sorted neurons treated with GDNF and β-NGF (p = 0.007) (Fig. 8A and Supplemental Table S4 ).
In addition, the isolated hVGAT-mCherry expressing neurons that were grown in the absence of these neurotropic factor showed elevated cell loss as measured by the decrease in confluence of the plated cells (i.e. decreased cell body area (mm 2 ) per total plates area (mm 2 ) measured in the Incucyte ZOOM (Essen Biosciences) compared to the GDNF and β-NGF supplemented cells and the unpurified hVGATmCherry cells (Fig. 8B) . Therefore, supplementation of the culture media with GDNF and β-NGF helps to maintain the viability and health of the isolated hVGAT-mCherry cells to levels comparable to cells grown in the heterogeneous cultures. Finally, we aimed to confirm that FACS-purified hVGAT-mCherrypositive cells were indeed neuronal and, importantly, retained the ability to synthesize the inhibitory neurotransmitter GABA when cultured as part of a cell population comprised almost entirely of inhibitory neurons. ICC staining of FACS-purified hVGAT-mCherry cells 20 days after sorting showed positive co-staining of β-Tubulin III and GABA, in addition to maintaining continuous expression of mCherry through use of the human VGAT reporter promoter (Fig. 7D) . Although GABA expression was difficult to assess from the mixed cultures due to high background staining, the isolated hVGAT-mCherry expressing neurons showed significant and readily identifiable GABA staining (Fig. 7D) .
Discussion
Patient-specific iPSC-based in vitro models of human disease have become an important tool in the field of neurological disease research. To this end, much attention has been placed on improving current techniques for in vitro differentiation of specific neuronal subtypes from hiPSCs, including the refinement of methods used to analyze targeted populations of cells (Boissart et al., 2013; Espuny-Camacho et al., 2013; Isacson, 2003; Mariani et al., 2012; Maroof et al., 2013; Nicholas et al., 2013; Roessler et al., 2014; Shi et al., 2012) . Notably, recent advancements in protocols for the derivation of GABAergic cortical interneurons from human embryonic stem cells (hESCs) have provided a platform for studying the multifaceted roles of these neurons in the developing and adult brain. Moreover, due to the importance of GABAergic neurons in a number of human neurodevelopmental disorders, including autism spectrum disorder and schizophrenia, these newly established methods could prove to be of great value if extended to patient-specific iPSC-based models of these diseases (Insel, 2010; Lewis, 2014; Pizzarelli and Cherubini, 2011) .
Despite the recent progress, there are several technical limitations that need to be addressed before the full potential of this model can be realized. The current methods for the in vitro differentiation of human pluripotent stem cells into inhibitory neurons, or other types of neuronal cells, ultimately generate a population of cells containing a wide variety of neuronal and glial cell-types, as well as other unknown cell-types that spontaneously differentiate in culture (Kozubenko et al., 2010) . Although a cell culture containing a mixed population of neurons and glia, is arguably a better representation of the in vivo cellular environment of the brain, heterogeneity in samples of differentiated cells complicates the analysis of specific cell-types of interest, potentially leading to misinterpretation of results.
Therefore, the development of novel tools for the tracking and isolation of specific neuronal sub-types is needed. In this report, we describe the development of a cell-type specific fluorescent reporter construct based on the expression of mCherry from the human SLC32A1 (hVGAT) promoter that enables the identification of human GABAergic neurons derived from pluripotent stem cells in vitro. Concomitantly, we optimized FACS-based methods for isolating highly pure samples of viable reporter-expressing hiPSC-derived neurons from the heterogeneous population of cells that arise during in vitro differentiation of pluripotent stem cells.
The results of this study indicate that expression of the mCherry gene under control of the human VGAT promoter permits the labeling and FACS-based enrichment of human GABAergic neurons derived from pluripotent stem cells. Lentiviral transduction of hVGAT-mCherry in day ≥ 55 hiPSC-derived ventral forebrain neurons and subsequent immunocytochemical analysis showed that mCherry expression was expressed in GABAergic interneurons, with only a few cells exhibiting low level mCherry expression that did not stain positive for at least one GABAergic neuron markers (i.e. antibodies against GABA, GAD67, or VGAT). Although GABA staining showed the lowest level of colocalization with the hVGAT-mCherry expressing cells in the mixed cultures (Figs. 3C and 4A) , the purified hVGAT-mCherry expressing cells showed significant levels of GABA production. This suggests that the high level of background GABA staining in the mixed cultures may be reducing the ability to appropriately colocalize GABA expression in the hVGAT-mCherry expressing cells. In our initial analysis, approximately 72% of the hVGAT-mCherry expressing cells co-localized with endogenous VGAT protein. However, a closer examination of VGAT expression suggests that some of the hVGAT-mCherry positive cells in which VGAT did not appear to be colocalized actually expressed low but discernable levels of endogenous VGAT. Stem cell-derived neuronal cultures are heterogeneous not only for the variety of cell types found but also in the development stage of the cells. Although many of the neuronal specific markers are expressed in young neuronal cultures (e.g. day 55 neurons), many of the cells present are not yet functionally mature. As a result, we would expect the cells to have heterogeneous features, including the level of expression of GABAergic marker genes. Even in the low VGAT expressing cells there was a positive correlation between the level of hVGAT-mCherry expression and endogenous VGAT (Supplemental Fig. 2) . Although there was an overall positive correlation between hVGAT-mCherry expression and VGAT expression, there were cells in the culture that showed discernable hVGAT-mCherry expression with minimal to no endogenous VGAT expression. There may be several explanations for this phenomenon. First, since the cloned VGAT promoter takes a portion of the genomic DNA directly upstream of the TSS of the hVGAT gene, it may lack some additional regulatory elements such as enhancers or insulators that may be present further upstream or downstream of the promoter that may contribute to the regulation of endogenous VGAT. Since the majority of hVGAT-mCherry positive cells showed at least some expression of endogenous VGAT albeit weak in some cells the cloned promoter appears to contain the important regulatory elements. However, this lack of potential additional regulatory sequences may influence the level of VGAT expression and the timing of VGAT expression during development. In addition, any post-transcriptional regulatory mechanisms (e.g. miRNA regulation) to which the endogenous VGAT transcript would be subject would be absent in this reporter construct. This could potentially explain the discrepancy in some cells between hVGAT-mCherry expression levels and that of the endogenous VGAT. In addition, elevated mCherry expression could be seen in the case in which specific cells had multiple hVGAT-mCherry vectors integrated into their genome. A lack of hVGAT-mCherry expression in cells positively identified as GABAergic neurons may result from an uneven distribution of infectious viral particles per cell. It is also possible that in some GABAergic neurons the expression of mCherry was silenced due to a positional effect, in which the chromosome sequences flanking the pLV-hVGAT-mCherry integration site imposed a negative regulatory effect on the transcription of mCherry (Bessis et al., 1995; Feng et al., 2001) . Likewise, chromosomal position effects may explain anomalous expression of hVGAT-mCherry in some non-GABAergic cell-types (Clark et al., 1994) .
Although we saw the sustained levels of hVGAT-mCherry expression in these studies, transgene expression from retroviral vectors has been shown to be silenced during the course of differentiation from stem and progenitor cells to the cell type of interest (For example, (Hong et al., 2007) ). Therefore, delivery of the reporter construct at a time point closer to the time of analysis will help to abrogate potential silencing of the transgene during differentiation. The ability to transduce neuronal progenitor cells and neurons with lentiviral vectors with high efficiency and viability would help to circumvent this issue of transgene silencing. Furthermore, we demonstrate the utility of hVGAT-mCherry in labeling a variety of GABAergic cortical interneuron subtypes with different in vivo developmental origins. Finally, we outline methodological adaptations to FACS purification of hiPSCderived neurons that enables N 95% pure hiPSC-derived GABAergic neurons to be isolated from the complex mixture of cells that arise during in vitro differentiation of pluripotent stem cells. Furthermore, we show that our method yields relatively large quantities of purified human neurons that are 83% ± 15% viable on average, thus are likely to be amendable to functional screening assays. As a proof of principle, we demonstrate that sorted hVGAT-mCherry cells can be replated and further differentiated in vitro for several weeks after FACS purification and continue to express GABAergic neuron-related markers. This longevity and survival of the isolated hVGAT-mCherry expressing cells was augmented by the supplementation of the culture media with the neurotropic factors GDNF and β-NGF. In fact, the viability and growth of the isolated cells supplemented with GDNF and β-NGF was comparable to that seen in hVGAT-mCherry expressing cells grown in the heterogeneous cultures (Fig. 8) . The increase in sorted neuron viability with the addition of GDNF and β-NGF is likely due to the neuroprotective influence of these factors on the cellular health of purified neurons being cultured in the absence of neurotrophin-secreting cell-types.
The use of cell-type specific promoter-driven fluorescent reporters has recently become a popular strategy to select specific types of neuronal cells from the wide variety of cell-types that arise during the directed differentiation of human pluripotent stem cells (hPSCs) into neurons. To date, transgenic labeling of human GABAergic neurons has involved using recombinant hESC reporter lines that have been designed for the purpose of isolating cells expressing transcription factors that serve as medial ganglionic eminence (MGE)-specific determinants (e.g. NKX2.1) of cortical interneuron cell fate (Goulburn et al., 2011) . The NKX2.1-GFP reporter hES cell line, and other reporter lines, are important tools with current applications in human-based studies aimed at paralleling in vitro cortical interneuron fate determinism with in vivo studies (Arber and Li, 2013; Germain et al., 2013) . However, the use of this technology to study human cortical inhibitory neuron development and function is restricted to those specific cell lines and are not amenable for use in broader cell lines, such as studies looking at the role of inhibitory neurons in human genetic disease using multiple patient-specific hiPSC lines for example.
Another consideration is that in vivo, NKX2.1 expression spatially defines the MGE and the ventral caudal ganglionic eminence (CGE), distinguishing these regions from the lateral ganglion eminence (LGE) and the dorsal CGE (Arber and Li, 2013; Sussel et al., 1999) . Because GABAergic cortical interneurons are a highly diverse population of cells comprised of over 20 known subtypes that originate from a number of different regions in the subpallium, the use of any single regional determinant as a marker for cell sorting will only enable a proportion of the total GABAergic cortical interneuron population to be collected. Therefore, a panoptic marker may be useful in studies where the identification or isolation of the total population of GABAergic cortical neurons is desired.
In this study we demonstrate the ability of hVGAT-mCherry to effectively label hiPSC-derived GABAergic neurons. Notably, we show that the percentage of cells expressing mCherry was similar across several different GABAergic interneuron subtype populations with distinct in vivo developmental origins in the MGE (PV and SST) and CGE (CR). This implies that hVGAT-mCherry is capable of labeling a variety of cortical interneuron subtypes with different regional identities. Thus this reporter construct will provide a tool that has broad applications in studies of the functionality of GABAergic neurons derived from hPSCs both in normal neurodevelopment and in the study of neurological disorders using patient-specific iPSCs.
Because VGAT is also expressed in inhibitory glycinergic neurons, these cells should also be labeled by hVGAT-mCherry (Chaudhry et al., 1998; Dumoulin et al., 1999) . Though the vast majority of forebrain inhibitory neurons are GABAergic, in other parts of the central nervous system, such as those in the hindbrain, the bulk of inhibitory neurons are glycinergic (Moore et al., 1996; Wang et al., 2009 ). Thus, pLVhVGAT-mCherry could possibly serve as a tool for studying glycinergic neurons if other neuronal differentiation protocols are used which aim at specifying cellular identities associated with brain regions that are known to be dense with glycinergic cells.
The ability to differentiate patient-derived iPSCs into the various types of cells which become functionally compromised in neurological disease has, at least in part, spurred the development of highly efficient protocols for deriving specific types of neurons in vitro. Despite the recent methodological improvements, the differentiation of hPSCs in vitro inevitably results in cultures containing a wide variety of neuronal and glial cell types. Considering the cellular heterogeneity observed in these cultures, removing superfluous cell-types prior to transcriptional or functional analysis would increase the credibility of results obtained from them. FACS has previously been applied in the isolation and analysis of relatively immature (bday 35) hPSC-derived neurons and progenitor cells. Utilizing FACS to purify neurons from cell populations that are more mature is known to result in low isolation rates of viable cells (Ladewig et al., 2008; Pruszak et al., 2007) . Our results show that our modified FACS protocol can be applied to the purification of hPSC-derived neurons that have been continuously differentiated in culture for over 60 days. Using the methods described in this report, we were able to isolate highly pure populations of viable hiPSC-derived GABAergic neurons for prolonged study in vitro. Sorting day N60 cells collected from three to six wells of a 6-well culture plate would yield roughly 250,000 viable hVGAT-mCherry + neurons. Naturally, greater cell yields could be obtained by scaling up the size of the culture to be sorted. Importantly, purified hVGAT-mCherry neurons remained viable in culture for over 30 days after sorting and expressed markers of GABAergic neurons.
Together with the techniques described for purifying hiPSC-derived neurons, we believe that the hVGAT-mCherry reporter construct provides a valuable tool to assist in examining the role that inhibitory neurons play in pathogenesis across a broad range of neurological disorders. Furthermore, the results of this investigation suggest that hVGAT-mCherry-purified cells could possibly be used for the functional screening of pharmacological compounds for the identification of novel therapeutic treatments for neurological disease with impaired inhibitory neuron signaling.
Conclusion
The tremendous advancements in the stem cell-based modeling of neurological disorders have provided critical information to increase our understanding of a wide variety of neurological conditions. However, these experiments are hampered by the heterogeneity intrinsic to current in vitro differentiation approaches. Therefore, new tools that allow for the identification and isolation of specific cell types from these heterogeneous cultures are greatly needed. To that end, we describe the development of novel cell type-specific fluorescent reporter systems that takes advantage of the human VGAT promoter to drive expression of the mCherry reporter gene. Coupled with this novel cell type-specific reagent, we have also developed a novel FACS protocol that allows for the isolation of a highly purified and viable hVGAT-mCherry positive population of cells. These purified cells are viable for extended lengths of time (N30 days) in culture making them amenable to a variety of functional and pharmacological experiments.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mcn.2015.08.007.
